Introduction {#Sec1}
============

Recently, the infectious diseases caused by airborne bacteria and viruses are of primary global concern for both social and economic reasons. For example, severe acute respiratory syndrome (SARS) caused the deaths of nearly 700 people and affected almost 8000 during the first outbreak in 2002--2003; it eventually spread around 37 countries, causing a cost of \$18 billion, primarily in Asia (Sørensen et al. [@CR30]). Moreover, between 2009 and 2010, nearly 17,000 healthy adults died globally from influenza A (H1N1), and the seasonal influenza continues to kill many people annually (Tellier [@CR32]; Chiu et al. [@CR6]). Bioaerosols are airborne microorganisms that are either infectious or non-infectious in nature and that can easily spread to the environment via air in a short span of time (Ki Youn et al. [@CR14]). With air as the transportation media, pathogenic bacteria, viruses, fungi, and biological fragments can instantly affect human health (Lee et al. [@CR16]). Generally, these pathogenic bioaerosols enter and exit the respiratory system through breathing, coughing, laughing, sneezing, and personal contact (Shrivastava et al. [@CR29]). Tuberculosis, whooping cough, meningitis, anthrax, and pneumonia are some of the most common examples of airborne bacterial diseases (Eickhoff [@CR9]).

Recently, *Staphylococcus, Bacillus, Corynebacterium*, and *Micrococcus* have been recognized as the common genera which have contaminated the environments of a university (Di Giulio et al. [@CR8]), hospitals (Okten and Asan [@CR24]; Ki Youn et al. [@CR14]), offices (Bonetta et al. [@CR3]), and other human dwelling spaces (Frankel et al. [@CR11]). *Staphylococci* are a common semi-pathogenic bacterial colonizer in the skin and mucous membranes of humans, and it can cause some minor skin diseases and a multitude of other diseases (Chessa et al. [@CR5]; Lenart-Boron et al. [@CR17]). *Staphylococcus epidermidis* belongs to the Gram-positive and coagulase-negative *Staphylococci* which are found in the human skin and mucous membrane (Otto [@CR25]; Wieser and Busse [@CR35]; Taylor et al. [@CR31]); this is the major cause of nosocomial infections and is often the major infective agent in compromised patients, such as drug abusers, immuno-compromised patients, premature newborns, and the elderly (Cuong and Michael [@CR7]; Okten and Asan [@CR24]). The presence of infectious bioaerosols in indoor air is a major issue, and they should be controlled or removed to prevent contagious diseases (Aliabadi et al. [@CR1]).

Generally, removal and disinfection are the two major techniques that have been adopted to control bioaerosols in the environment. In the removal method, an air purifier with filters (high-efficiency particulate air filter) is used to trap and eliminate infectious bioaerosols. In the disinfection method, disinfectants such as a light catalyzer, UV lamp, and chlorine are used to kill the airborne microorganisms (Pham and Lee [@CR27]; Zacarías et al. [@CR36]; Berry et al. [@CR2]). The high-efficiency particulate air (HEPA) filtration technique is effectively used to reduce bioaerosols in laboratories and hospitals (Herrera-Cantú et al. [@CR12]). The major mechanism of the high-efficiency air filter involves removing airborne microparticles from the indoor environment (Mittal et al. [@CR21]). In addition, the indoor installation of an air purifier can significantly reduce airborne bacteria, molds, and mycobacteria. Wen et al. ([@CR34]) evaluated the filtration efficiency of a HEPA filter in a biosafety level 3 (BSL-3) laboratory using the aerosolized bacteria, *Serratia marcescens*, and reported the effective performance of the HEPA filter against these aerosolized bacteria. Moreover, Foarde ([@CR10]) used the single-pass method in a chamber filter to evaluate the collection efficiency of filters and the removal of non-biological particles.

The standard for air cleaners was developed in September 1984 by the American Home Appliances Association (AHAM) and reported the test method for particle removal performance of air cleaners. Since then, certification began in August 1985, and the American Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE) standard marks the efficiency of the filter as 16 grades (Medical Advisory Secretariat [@CR19]). The filter test and removal of particles range from 0.3 to 10.0 μm, and the higher-grade numbers show better performance in particle removal. Thus, considering this filtering efficiency, a reasonable test method is required for the removal of suspended bacteria in living spaces.

In order to understand bioaerosols, they should be collected and identified through standardized sampling techniques with high collection rates. Bioaerosol sampling includes different methods such as impaction, impinger, and filtration (Maimaitireyimu et al. [@CR18]). Among these, impaction is a widely used sampling technique with a high collection rate, through which the bioaerosols are directly collected in the culture medium. The Andersen sampler or slit sampler is used to collect the maximum concentrations of microbes or particle samples using the impaction method (Park et al. [@CR26]; Normand et al. [@CR22]).

In this study, we propose a new method to verify the removal efficiency of airborne bacteria. The ASHRAE standard is just a way to verify the filter, and the proposed method is to evaluate the product in a single chamber. The peculiarity of this study is that it has a built-in HEPA filter installed in a single chamber to evaluate an air cleaner and it prevents contaminations from anything other than the airborne bacteria we use in our experiments. So, we evaluated the efficiency of an air purifier on the removal of the injected bacterial strain, *S. epidermidis*, in a single-test chamber. In this method, the air purifier was installed and tested in a manner similar to a customer's usage conditions. The microbial samples were collected from the chamber directly to the agar culture medium using the impaction sampling technique, and then the range of colony formation was analyzed. The natural decay rate, operational decay test, and particle distribution rate were analyzed, and the results were discussed in detail. Through these studies, the bacteria removal performance of the air cleaner was evaluated and it helps the consumers to check the performance in advance.

Materials and methods {#Sec2}
=====================

Test chamber and air purifier (HEPA filter) device {#Sec3}
--------------------------------------------------

The experiment was conducted in a single germless chamber with dimensions of 60.8 m^3^ (4.5 m (W)×4.5 m (L)×3 m (H)). The air purifier (HEPA filter) device capable of removing airborne particles was installed in the ceiling of the test chamber, and an air conditioning system was assembled to control the interior temperature and humidity (Fig. [1a](#Fig1){ref-type="fig"}). Moreover, a nebulizer (Devilbiss PulmoNeb, Compressor, Model 3655, USA) was set up to inject strains at a flow rate of 0.5 ml per minute. The mass median aerodynamic diameter (MMAD) is 5 μm. In addition, the system contains a device to control the moisture and spraying pressure (48.2 PSI), as well as filters to supply clean air. Figure [1b](#Fig1){ref-type="fig"} shows a schematic diagram of the air inbuilt purifier used in the experiment. The inbuilt air purifier consists of a primary filter, an activated carbon filter (it helps to remove ozone and odor inside the test chamber), and a HEPA filter for more effective air purification. In the typical experiment, the air purifier was installed in three different ways, which were all similar to a customer's usage conditions. In the first one, a stand type was installed directly on the floor (Fig. [2a](#Fig2){ref-type="fig"}), while in the second one, a desktop type was installed at a height of 1.2 m from the floor (Fig. [2b](#Fig2){ref-type="fig"}) and a distance of 0.1 m from the wall. Finally, in the third one, wall-mounted or ceiling-embedded types were installed at 1.8 m from the floor of the experimental chamber (Fig. [2c](#Fig2){ref-type="fig"}).Fig. 1**a** Schematic flow chart of the test chamber 60.8 m^3^ (4.5 m (W) × 4.5 m (L) × 3 m (H)). The single chamber is connected with an air flow device, air filter (HEPA), temperature and humidity regulator, flow control device, and temperature and humidity monitoring device. **b** Typical types of filters used in air purifier deviceFig. 2**a** Stand type unit setting. **b** Desktop type installed at a height of 1.2 m from the floor and a distance of 0.1 m from the wall. **c** Wall-mounted or ceiling-embedded types installed at 1.8 m from the floor

Test organism and air sampler {#Sec4}
-----------------------------

In consideration of the examiner's safety, a non-pathogenic strand, *Staphylococcus epidermidis* (ATCC 12228), was selected as the representative strain. This selection was made because *S. epidermidis* is one of the signature microorganisms which is found at high rates indoors, and particularly in hospital air and catheters (Kelley and Gilbert [@CR13]). Here, a nutrient solution is needed to incubate S. epidermidis and a nebulizer is utilized to spray into the chamber. The nominal flow of the microbial sampler (Merck, MAS-100 NT, USA) is 100 L/min. The head diameter is 10 cm, with a sampling volume of 100--1000 L/min. The sampling volume can be effectively controlled based on the required number of airborne microbes per unit volume.

Buffer solutions and culture media {#Sec5}
----------------------------------

The phosphate buffer solution (pH 7.2) was prepared by dissolving 34 g of potassium dihydrogen phosphate in 500 ml of distilled water. Then, 175 ml of sodium hydroxide solution was added so as to adjust the pH to \~ 7.1--7.3, and the solution was then made up to 1000 ml using distilled water. Next, the solution was stored in a refrigerator after undergoing a high-pressure steam sterilization. Prior to the experiment, the solution was diluted at 1:800 and sterilized at 121 °C for 15--20 min. The buffered peptone water (pH 7.0) was synthesized by mixing potassium dihydrogen phosphate 3.56 g, disodium hydrogen phosphate 18.23 g, sodium chloride 4.30 g, and peptone 1.0 g in 1000 ml of distilled water under heating. Then, the resultant buffered peptone water was sterilized in an autoclave at 121 °C for 15--20 min and the pH was adjusted to neutral.

The nutrient broth was prepared by dissolving 5.0 g peptone and 3.0 g meat extracts in 1000 ml of distilled water, the pH was adjusted to 7.0--7.4, and then the mixture was sterilized at 121 °C for 15 min. The nutrient agar was obtained by dissolving 15 g of purified agar in 1000 ml nutrient broth. After adjusting the pH to 6.8 ± 0.2, the mixture was sterilized at 121 °C for 15 min.

Distribution of airborne particles {#Sec6}
----------------------------------

The distribution characteristics of the airborne particles inside the chamber were subsequently investigated using a particle counter (Met One, Model 3313). In this analysis, the external air from the outdoor environment was directly introduced into a chamber without passing through a HEPA filter. Then, the chamber was sealed, and the movement characteristics of the airborne particles were measured over time from outside of the chamber via the tubing technique.

Natural decay test (blank tests) {#Sec7}
--------------------------------

The natural decay test was conducted before operating the air purifier. The following procedure was performed for the blank test: initially, air purifier (HEPA filter) device (Fig. [1b](#Fig1){ref-type="fig"}) in the chamber ceiling was operated for 1 h so as to remove the airborne bacteria and ozone (O(3)) inside the test chamber, where the temperature and humidity were regulated within 23 ± 1 °C and RH 50 ± 5% respectively. At this time, the UV lamps were turned on to sterilize the microbes which survived the purification of the HEPA filter. In this case, it is preferable to use activated carbon (AC) filters because a small amount of ozone may be generated. AC filters are used widely in air cleaning to remove ozone (Metts and Batterman [@CR20]). Following this sterilization and removal of ozone, the HEPA filter device and UV lamp were turned off and the auxiliary fan inside the chamber was turned on. Subsequently, the test strand was injected at a rate of 1×10^5^ CFU/ml (2 ml) using a nebulizer setup. Then, the auxiliary fan was turned off, and the chamber was left to stand for 1 h without any external disturbance. A microbial culture medium (petri dish) was attached on the air sampler inside the chamber and sampled for 1 min at a flow speed of 100 L/min, which was used as an initial value. Similarly, the chamber was left to stand for another 1 h and sampled for 5 min at a flow speed of 100 L/min, which was used as a final value. The initial and final values measured by this procedure were used as the blank test. After measuring the final value, the chamber was sterilized to remove the microbes by powering the UV lamp and operating the stirring plate.

Air purifier test (operational decay test) {#Sec8}
------------------------------------------

In the air purifier evaluation test, the operation of the air purifier (on and off) was completely controlled from outside of the chamber. Similar to the natural decay test, the test chamber was calibrated to be free from airborne bacteria, and the initial value was measured after injecting the microbial strain. Then, the air purifier was operated for 1 h and the final value was measured. As the number of airborne microbes relatively decreases due to the high removal performance of air purifier, the sampling volume of the air sampler was increased to 500 L in order to acquire a more accurate final value.

Sampling of bacteria {#Sec9}
--------------------

Initially, the air sampler lid and cover were sterilized using an autoclave and 70% alcohol, and the moisture content was completely removed. An impact measurement method was used, in which the bioaerosols can directly contact the medium. The sample collection position was set at the center of the chamber at a height of 1.2 m from the floor. Each time of the test, the position of air sampler has to be maintained in the same position because the result depends upon the distance between the product and sampler. The air sampler can be moved or adjusted from the outside of the chamber by a conveyor without the test chamber needing to be opened. The amount of sample collected during the initial value measurement (the value measured 1 h after *S. epidermidis* injection) was 100 L, while the final value (the value measured 2 h after *S. epidermidis* injection) was 500 L.

Incubation {#Sec10}
----------

The medium with the airborne *S. epidermidis* was collected and cultivated for 24 h under an aerobic condition in 32--35 °C. The number of colonies in the petri dish was counted after 24 h of incubation. The medium was then carefully verified for the allowed range of number of colonies (≤ 400 CFU/petri dish) as well as contamination of the medium by other sources. The Feller table was applied to the value and corrected with the sample volume in order to obtain CFU value per unit volume (m^3^).

Colony count {#Sec11}
------------

Each colony grown in the petri dish was counted, and the number of colonies was corrected by a Feller table. In order to ensure the reliability of measurements and identical trends, the results were carefully reviewed. For accuracy management (QA/QC), the error range of the natural decay rate was recorded. In this unique study, cultivation was done for 24 h, and the minimum allowed colony was set to 8 CFU per petri dish while the maximum allowed range was fixed below 400 CFU per petri dish.

Calculation {#Sec12}
-----------

The natural decay rate was calculated using Eq. ([1](#Equ1){ref-type=""}).$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {B}_i=\left(1-\frac{C_t}{C_i}\right)\times 100 $$\end{document}$$where *B*~*i*~ is the natural decay rate, *C*~*i*~ is the measured value 1 h after injecting bacteria, and *C*~*t*~ is the measured value 2 h after injecting bacteria.

The initial value's corrected value is calculated using Eq. ([2](#Equ2){ref-type=""})$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {S}_c=\left(1-\frac{B_i}{100}\right)\times {P}_t $$\end{document}$$where *S*~*c*~ is the initial value's corrected value (CFU/m^3^), *B*~*i*~ is the natural decay rate, and *P*~*t*~ is the initial value (CFU/m^3^).

The airborne bacteria removal rate was defined as$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {N}_i=\left(1-\frac{C_n}{S_c}\right)\times 100 $$\end{document}$$where *N*~*i*~ is the airborne bacteria removal rate, *S*~*c*~ is the initial value's corrected value, and *C*~*n*~ is the bacteria measured *n* hours after injecting bacteria under the operation of an air purifier.

Results and discussion {#Sec13}
======================

Generally, the filters in an air purifier can trap airborne particles by means of size exclusion, in which the air is forced through the filter and the particles are physically captured. In this present investigation, the size distribution of the particles inside the airtight chamber (analyzed using a particle counter) was found to be in the range of 0.3 to 5.0 μm (Fig. [3](#Fig3){ref-type="fig"}). The results indicated that the distribution of larger-sized particles decreased over time, due to the performance of the air purifier (Table [1](#Tab1){ref-type="table"}). Here, particles near the size of a microbe (1 μm) were also observed to decrease by \~ 10% after 1 h of the experiment. Moreover, the particle size distribution of the bacterial strain also showed a similar decreasing pattern. However, the rates of decrease were higher for the test bacteria than for airborne particles; this may be attributed to the adhesion of microbes with liquid droplets. Therefore, the reduction rate is larger than that of the normal particles, even when the size of the microbes equals 1 μm. This is because the weights of the microbes increase when combined with liquid droplets, and the particle size has been estimated to be ≤ 5 μm. Consistent with our data, the microbial size has been shown to range between 1 and ≤ 7.5 μm and increase with increasing temperature (Tham and Zuraimi [@CR33]). By contrast, a previous investigation on the size distribution of airborne heterotrophic bacteria has revealed aerodynamic diameters between 1.1 and 2.1 μm in one fraction respirable particulate matter and another at the coarse fraction with a diameter above 7 μm (Raisi et al. [@CR28]). In addition, the distribution of bacteria has been controlled and influenced by the nebulizer used for the generation of bioaerosols. According to Kujundzic et al. ([@CR15]), the aerodynamic size distribution of bacteria generated with the nebulizer can vary due to the generation of particles with both larger and smaller aerodynamic diameters (0.3--0.6 μm). But, due to various complexities like coalescence in determining aerosol particle lifetime in the atmosphere, there are very few experimental studies that have been performed to research interparticle interactions (Bzdek and Reid [@CR4]). Moreover, the behavior of the particles mainly depends upon the physicochemical properties like agglomeration state, shape, crystal structure, chemical composition, surface area, surface chemistry, surface charge, and porosity (Oberdörster et al. [@CR23]).Fig. 3Distribution percentages of different size particles with respect to time (1 to 6 h)Table 1Distributions of different size particles over time from 1 to 6 hParticle size (μm)Time (h)1:002:003:004:005:006:000.31,247,0531,279,2561,269,7411,259,1711,243,3331,261,0250.5196,298196,215181,629170,027162,282158,3511.017,98116,59714,73413,27112,04711,6023.05484022812181921735.0915127171715

The natural decay test was conducted seven times with bacterial concentrations varying from 1240 to 11,180 CFU/m^3^ (Table [2](#Tab2){ref-type="table"}). The results indicated that the maximum deviation was 3.1% with the allowed sample error of ± 1.1% *p* at a 95% confidence level. It was observed that the bacteria decrease at a constant rate at constant intervals upon the injection of bacterial strain into the airtight chamber of constant space (Fig. [4a, b](#Fig4){ref-type="fig"}). Based on these observations, the results of the operational decay test showed the performance of the air purifier itself by correcting the natural decay rate. The efficiency of the air purifier on the removal of *S. epidermidis* was found to be similar to that reported by Wen et al. ([@CR34]), where *S. marcescens* was effectively filtered by a HEPA filter under the laboratory test unit. Before injecting the microbial samples into the chamber, the internal air in the chamber was cleaned and sterilized. The proliferation of bioaerosols was controlled when the air purifier (HEPA filter) device and UV filter were switched on before the natural decay test. The natural decay rate was observed to be in the range from 78.78 to 81.85% for 60 min. Here, UV is used to sterilize the air, and the particle flow through the HEPA filter comes into contact with the surfaces of the fibers by means of van der Waals forces and removed from the air stream (Taylor et al. [@CR31]). In addition, the test unit (air purifier) was fixed in three different setups, specifically in stand, ceiling, and wall mount types, and they all showed similar removal efficiencies, which would help the product accommodate the lifestyle of the consumer.Table 2Colony count per unit volume (m^3^) within one hour and the natural decay rate (%)S. No.0 min (CFU/m^3^)60 min (CFU/m^3^)Natural decay (%)1124026079.032209044078.953246049080.084246052278.785281051081.8565610106880.96711,180237078.80Fig. 4Survivability of *S. epidermidis* colony after 1 h **(a)** and 2 h **(b)** of nebulization

The *S. epidermidis* samples were collected and cultured in nutrient agar plates, and they all resulted in similar-shaped colonies in white color. The raised and cohesive colonies were approximately 1 to 2 mm in size after incubation at 37 °C for 24 h (Fig. [5a, b](#Fig5){ref-type="fig"}), and Fig. [5c and d](#Fig5){ref-type="fig"} show the negative and positive controls, respectively. Prior to the air purifier operation, the nebulized bacteria were found to be high and similar to the positive control. Once the airborne microbes were captured by the filter, the rate of suspended bacteria becomes very low or even zero. Thus, the HEPA filters built into air purifiers are made of intertwined fibers, where the smallest particles or microbes become trapped in three ways: interception, impaction, or diffusion. The smallest airborne microbes were most likely trapped in the fibers by means of diffusion. Once the microbes enter into the filter, they will colloid with the gas molecules and embed into the fibers of the filter (Herrera-Cantú et al. [@CR12]). Here, the microbes suffer from lack of nutrients, and the high humidity in this environment leads to low proliferation. In addition, while selecting the test organism, the few criteria were observed, because the test device was a household air purifier; the most important challenge was that the organisms needed to be representative of the bacteria typically found in human dwelling spaces.Fig. 5Colony of *S. epidermidis* after 24 h of incubation at 37 °C. **a** Before operation (*t* = 60 min). **b** After operation (*t* = 120 min). **c** Negative control. **d** Positive control

Conclusions {#Sec14}
===========

To summarize, the single-chamber technique was adopted to evaluate the efficiency of an air purifier on the removal of airborne bacteria. Programmed and periodic cleaning and sterilization activities of the chamber were performed as a pre-measure for the contaminations. The result suggests that the rate of decrease in microbes in a chamber with injected microbes after some fixed time was constant. The natural decrease rate had a correlation within the range of 1240--11,180 CFU of microbe density per 1 m^3^. By calibrating the operation value to the natural decay rate, the bacterial removal capability of the air purifier can be verified and the error of the resulting value can be minimized. Thus, this evaluation method for the air purifier device performance is considered to be promising for improving air filtration technology.
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